Complete mortality of one-day old codling moth eggs infesting Red Delicious apples was achieved by fumigation with methyl bromide at 24 g/m 3 for 2h at 12.0 ± 0.5°C, followed by 18 d coolstorage at mean fruit pulp temperatures in the range 0.52 -1.77°C. Non-fumigated coolstored eggs required a period of 33 d exposure at the same temperatures to achieve complete kill. Fumigation followed by coolstorage of small numbers of fifth instar larvae resulted in complete mortality of this life stage after 26 d, the only duration tested. The postharvest disinfestation treatment currently used to export apples to Japan involves fumigation with methyl bromide (as above) followed by a mandatory 25 d coolstorage period at temperatures of 0.5°C and below. Therefore the approved treatment specification used for export apples is very robust in both its coolstorage duration and temperature range.
INTRODUCTION
New Zealand fresh fruit exports to the Japanese market, where insect quarantine issues exist, rely on the application of a postharvest disinfestation treatment. Codling moth, Cydia pomonella (L.), is an important pest species which is not found in Japan. Cherry and nectarine fruits must undergo fumigation with methyl bromide at dose rates of 64 g/m 3 for 2 h at 12.0 ± 0.5°C to control codling moth eggs (Maindonald et al. 1992; Waddell et al. 1989) . However, this rate is beyond the tolerance limits of a number of apple cultivars (Lay-Yee, 1993) . Coolstorage has been demonstrated as an effective method of killing codling moth eggs and larvae. However, the times required to kill the more tolerant diapausing larval life stages (12 or more weeks) are too long to be commercially applicable (Moffitt and Albano, 1972; Toba and Moffitt, 1991) . A combination of coolstorage followed by methyl bromide fumigation is the approach that has been adopted for treatment of apples. This allows a reduction in both the length of time required in coolstorage and the methyl bromide dose. This approach has been adopted in the United States for controlling codling moth (Warner 1995) and in Japan for controlling a similar lepidopteran apple pest, the peach fruit moth, Carposina niponensis (Kawakami et al. 1994) .
The New Zealand treatment involves methyl bromide fumigation followed by coolstorage (the reverse order of the United States and Japanese treatments) as a twocomponent treatment to disinfest apples of codling moth. The final treatment specification approved by the Japanese Ministry of Agriculture, Forestry and Fisheries (MAFF) was fumigation at 24 g/m 3 for 2h at >12°C, followed by 25 d coolstorage at 0.5°C or below . In commercial practice expensive, specialised coolstorage facilities are required to maintain apple flesh temperatures at 0.5°C or below for the mandatory period without either short periods above 0.5°C and/or exposing the fruit to temperatures below 0°C which might result in fruit damage. Therefore, as part of the development of the apple disinfestation treatment, this preliminary trial was conducted to determine the effect of elevated coolstorage temperatures on the mortality response of codling moth eggs, the life stage most tolerant of fumigation (Dentener et al. 1988) . In addition a small number of diapausing fifth instars, the life stage most tolerant to coolstorage (Dentener et al. 1988) , were evaluated at one storage time to verify the treatment efficacy at different temperatures.
METHODS
Codling moths were obtained from a colony maintained on artificial diet (Singh et al. 1985 ) using a L:D 16:8 photoperiod, a temperature of 25.0 + 1.0°C, and a relative humidity of approximately 60%. Fruit were exposed to adult moths for 24 h to obtain young eggs for treatment the following day. Fifth instars programmed for diapause when reared on laboratory diet for 12-13 days at 25°C, L:D 12:12 were inoculated into each fruit the day before treatment. All fruit was equilibrated to 12°C prior to treatment, which involved either fumigation followed by coolstorage for eggs and larvae or coolstorage only for eggs. Fumigations were conducted at atmospheric pressure in an 11.15 m 3 chamber using 1518 kg of Red Delicious apples packed in wooden bins. Fruit comprised both infested fruit and non-infested filler which represented a 40% (volume to volume) chamber loading. All fumigation conditions were identical to those subsequently approved by the Japanese MAFF (Waddell 1992) .
During fumigation the methyl bromide concentration was measured with a gas chromatograph (Varian 3700) at 5, 10, 30, 60 , 90 and 120 minutes. This allowed verification of the initial concentration and determination of the total amount of gas absorbed by the fruit.
After fumigation, the infested fruit was kept at 12°C until the following day when one-tenth of the fruit was placed at 25°C and egg hatch was assessed 8 d later. The remaining fruit was split into three trial lots, packed into cardboard apple cartons and coolstored at one of three target fruit pulp temperature ranges; 0.5-1.0, 1.0-1.5, 1.5-2.0°C. Six samples of fumigated fruit were removed after various exposure times (3, 4.5, 6, 12, 18, 26 d) from each coolstore to obtain a range of mortalities for statistical analyses. Non-fumigated fruit was kept at 12°C for 1.5 d and then approximately onequarter was placed at 25°C and the remaining three-quarters was split into three lots and coolstored at the different temperature ranges. Seven samples of non-fumigated infested fruit were removed after various coolstorage exposure times (as above plus 33 d). Fifth instars were fumigated and then coolstored for one duration of 26 d at each of the coolstore temperature ranges used for eggs. This coolstorage duration allowed for a cool down period of approximately 24 h in addition to the 25 d required at temperatures of 0.5°C and below. Replicate trials, two in total, were conducted on consecutive days. Larvae that had been fumigated only and non-fumigated noncoolstored control larvae were kept at 25°C, L:D 12:12, and were assessed on the third day after fumigation treatment.
Mortality assessments were made 3 and 8 d after removal from coolstorage for larvae and eggs respectively. Coolstore air temperatures and fruit centre temperatures were monitored with 14-channel Grant Squirrel data loggers (Model 1206) at hourly intervals. Japanese MAFF requirements for temperature monitoring of the coolstores were not known when these trials were conducted, and so extensive monitoring was conducted particularly of the infested fruit. Air temperature was measured 30 cm below the coolstore ceiling while some fruit pulp (or core) temperatures were measured at various locations in the fruit stack (top, middle and bottom layer). Fruit stacks were three cartons wide by four cartons deep by five cartons high, except the 0.5-1.0°C target coolstore which was smaller allowing only a three carton deep stack of apples. All infested fruit was placed in the second layer from the top of the fruit stack. Fruit pulp measurements were made in cartons containing infested and noninfested fruit. Six probes were available for recording fruit temperatures in the 0.5-1.0 and 1.0-1.5°C target stores and thirteen probes in the 1.5-2.0°C coolstore. Mean fruit pulp temperature calculations excluded the cool down period from 12°C to the target range upper limit (i.e. 1.0, 1.5 and 2.0°C). All fruit temperatures declined below the various upper limits operating in each coolstore in 8-11, 15-19 and 25-28 h for the 0.5-1.0, 1.0-1.5 and 1.5-2.0°C coolstores, respectively.
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Time-mortality data were analysed using the complementary log-log (cloglog) model (Preisler and Robertson, 1989) . The assumed form of the response was: log (-log (1-p)) = a +bt where p = expected mortality, and t = time in days. The line was then used to determine the estimated lethal time in days for 99% (LT 99 ) mortality. The LT 99 is the estimated lethal time to achieve c+(1-c)0.99 mortality, where c was the mortality of non-fumigated and non-coolstored eggs. Initial analyses were completed for the separate response lines. Egg data were then divided into two groups: fumigated and non-fumigated, and a line fitted to the combined data. The dispersion for each group was compared with that of the separate trials. In both cases there was no difference in the dispersion (P = 0.01). It was therefore reasonable to consider the three egg trials as replicates within a temperature range of 0 to 2°C.
RESULTS
Sorption of methyl bromide during the two fumigations was 28.1 and 23.7% of the initial concentration. These figures indicate that a high level of free gas was present at the end of the fumigation. The mean air and fruit pulp temperatures achieved during the coolstorage period were within the three target ranges (Table 1, Fig. 1 ). Larger standard deviations associated with the 0.5-1.0°C coolstore were a consequence of a technical malfunction in the coolstore resulting in a temporary (<14 h) drop in temperature. Codling moth mortality did not appear to be affected as a result.
Codling moth mortality in response to fumigation only was 75.1% for eggs (n=1029) and 95% for larvae (n=99) compared to non-fumigated egg and larval mortalities of 30.6% (n=2964) and 2.3% (n=172), respectively. The LT 99 s estimated for eggs which had only been coolstored were 3-4 times longer than those for eggs which had been fumigated prior to coolstorage (Fig. 2) . Irrespective of whether the eggs were fumigated prior to coolstorage (n=19603) or those which were only coolstored (n=8508), no significant difference was evident between egg mortalities when stored at the different temperature ranges. Hence mean fruit temperatures in the range 0.52-1.77°C had no effect on the time required to achieve 99% mortality of codling moth eggs. Combining the results from the three individual coolstores resulted in mean LT 99 s of 6.4 d for fumigated and coolstored eggs and 23.7 d for eggs which had only been coolstored (Table 2 ). The time taken to reduce the temperature from the initial 12°C to the upper limit of the target range was excluded from the calculations. Periods of 8-11, 15-19 and 25-28 h were excluded from 0.5-1.0, 1.0-1.5 and 1.5-2.0°C target ranges, respectively. Cool down periods varied with replicate. 2 Fruit stacks were five cartons high with layer 1 being the top layer. All codling moth infested fruit was located in the second layer from the top. 3 One 14-channel data logger was shared between the two coolstores operating at targets of 0.5 -1.0 and 1.0 -2.0, hence only seven probes were available for each coolstore.
Complete mortality of non-fumigated eggs was observed by 33 d exposure to coolstorage under each of the temperature ranges tested while fumigated eggs were all killed by 18 d exposure with very high levels of mortality (99.97%) after 12 d exposure. When fifth instars were assessed after fumigation followed by 26 d coolstorage, the only storage duration evaluated, complete mortality was achieved for all three temperature ranges tested (n=910). These times include a cool-down period of up to 28 h duration, by which time all of the infested fruit was within the target range. 
Pipfruit

CONCLUSIONS
The time taken to kill codling moth eggs was not increased as the mean fruit pulp temperature was increased from temperatures near 0.5 to temperatures near 2.0°C, with or without fumigation. The treatment currently used for exporting apples to Japan is very robust, as complete mortality of fumigated codling moth eggs was observed after 18 d of storage, while the approved treatment specifications uses a mandatory 25 d period at temperatures of 0.5°C and below. Further research is required to determine if constant temperatures above 2.0°C result in an increase in survival of codling moth.
